BACKGROUND: Fat embolism (FE) and the consequent FE syndrome occurring after trauma or surgery can lead to serious pulmonary injury, including ARDS and death. Current treatment of FE syndrome is limited to supportive therapy. We have shown in a rat model that the renin angiotensin system plays a significant role in the pathophysiology of FE because drugs interfering with the renin angiotensin system, captopril and losartan reduce the histopathologic pulmonary damage. The purpose of the current study was to determine if inhibition of renin by aliskiren, an FDA-approved drug for treating hypertension, would produce effective protection in the same model.
F
at embolism (FE) and the consequent FE syndrome (FES) occurring after trauma or surgery can lead to serious pulmonary injury, including ARDS and death. 1 Fat embolism has been estimated to occur in up to 90% 1,2 of the patients with traumatic injury and FES up to 35% 3 of the patients with traumatic injury in prospective studies. Although the incidence of clinical FES is lower than its subclinical precursor FE, both are thought to go undetected in cases of major trauma due to overshadowing by other illnesses or injuries. Additional risk factors for FE include burns, liposuction, pancreatitis, and bone marrow harvest. 4 Current treatment of FES is limited to supportive therapy. 5 We have shown in a rat model of FE that the renin angiotensin system (RAS) plays a significant role in the pathophysiology because drugs interfering with the RAS, captopril, an angiotensin I-converting enzyme inhibitor, and losartan, an angiotensin II type I receptor antagonist, reduce the histopathologic pulmonary damage. 6 The lungs in this model demonstrate very similar pathologic changes to those found in a recently described fatal case of fat embolism after caesarean section. 7 The purpose of the current study was to determine if inhibition of renin, the rate-limiting biochemical step in the RAS proximal to the sites of action of captopril and losartan, would produce effective protection in the same model. To examine this possibility, we used aliskiren (Tekturna), an FDA-approved renin inhibitor used for treating hypertension.
MATERIALS AND METHODS

Responsible Conduct of Research
This study was conducted under the approval of the University of Missouri at Kansas City Institutional Animal Care and Use Committee (IACUC), Protocol 1507. Animal care and procedures were in accordance with institutional guidelines.
Overview
The model of FE uses intravenous (i.v.) injection of the neutral fat triolein in unanesthetized rats. 6, 8 Intraperitoneal injections of aliskiren at either 50 or 100 mg/kg were performed 1 hour after FE induction via triolein. Rats were euthanized at 48 hours, and various pathology stains and methods were used to study and compare the lungs of these animals.
Experimental Design and Animals
Twenty-two male Sprague-Dawley rats (280-300 g) were obtained from Harlan Laboratories (Indianapolis, IN) and divided into four groups. Pure triolein (glyceryl trioleate, Sigma grade; Sigma Corp., St. Louis, MO) was used to simulate a FE. The control group (n = 4) received 0.2 mL i.v. normal saline (NS) at 0 hours and 0.2 mL intraperitoneal (i.p.) NS at hour 1. The triolein-only group (n = 6) received triolein 0.2 mL i.v. at 0 hour and NS 0.2 mL i.p at hour 1. The low-dose aliskiren group (n = 6) received the same dose of triolein at 0 hour and aliskiren 50 mg/kg at hour 1. The high-dose aliskiren group (n = 6) received the same dose of triolein at 0 hour and aliskiren 100 mg/kg at hour 1. These aliskiren doses have been used in published experiments. 9, 10 All rats were given ad libitum access to food and water and observed at various time points after the injections. No animals died before euthanasia at 48 hours using inhalation isoflurane (Sigma Corp., St. Louis, MO). The experiment was carried out to 48 hours post-triolein injection based on our previous studies demonstrating peak histopathologic effects at this time point 8 and for comparison to our captopril and losartan results 6 also carried out to 48 hours.
Pathology Procedures
After euthanasia, rats were necropsied and the viscera of the thoracic and abdominal cavity removed and inspected for gross anatomic pathologic changes. The lower lobe of the right lung was collected and placed in 10% buffered formalin solution for fixation. After 10 days of fixation, the specimens were paraffin embedded, cut in sagittal sections (4 μm), and stained with hematoxylin-eosin (H&E) for histologic evaluation and vessel measurements. Slides were also stained with Masson's trichrome (trichrome) for collagen identification. Immunolabeling of lung α-smooth muscle actin (α-SMA) as a marker for myofibroblasts activation, and differentiation was performed using previously described protocols. 11 The lower lobe of the left lung was frozen at −20°C, sectioned, and stained for fat using Oil Red O.
Histologic evaluation was performed by two researchers who were unaware of the slide identification. Histopathologic studies were done on slides stained for H&E, trichrome, α-SMA, and Oil Red O. Ten photographs of each H&E slide were taken at 400Â magnification. From these photographs, the lumen patency and media to adventitia ratio of at least five small caliber pulmonary arteries and arterioles were measured per slide. The lumen patency of these vessels was evaluated by measuring the luminal diameter divided by the external diameter of the vessel media, and the media-to-adventitia ratios obtained by measuring the external diameter of the media divided by the external diameter of the adventitia. Eight photographs of each Oil Red O stained slide were taken at 100Â magnification, and 10 photographs of each trichrome and α-SMA stained slide were taken at 400Â magnification. The slides stained with Oil Red O, trichrome, and α-SMA were then digitally analyzed using the Image J Software (NIH) to quantify the amount of fat, collagen, and myofibroblasts present in each slide.
Statistical Analysis
A power analysis using the G*power computer software (Faul & Erdfelder, 2009) indicated that a total sample size of 20 rats would be needed to detect large effects (f = 0.9) with 85% power using a fixed effects one-way analysis of variance (ANOVA) with α set at 0.05. A sample size of 22 was chosen to account for 10% loss of animal subjects.
The assumption of normality was confirmed for each of our four primary outcome measures using the Shapiro-Wilk test and Q-Q plots. Heteroscedasticity was identified using Levene's test for equality of variances for two outcome measures, Oil Red O, and lumen patency. The data were then statistically analyzed using Fisher's classic one-way ANOVA for trichrome and α-SMA and Welch's ANOVA, appropriate when the assumption of homogeneity of variances has been violated, for Oil Red O and lumen patency. Where appropriate, comparisons were made using Fisher's least significant differences. The level of statistical significance for comparison was set at p = 0.01. The interrater reliability was calculated using intraclass correlation, appropriate for continuous data. The intraclass correlation coefficient was calculated under the assumption that all subjects were rated by the same raters who are assumed to be a random subset of all possible raters. The data analysis for this study was generated using SAS software, Version 9.2 (SAS Institute).
RESULTS
Behavior
All rats survived the injections. The rats injected with triolein became hypoactive immediately following the injections, but regained activity within a couple of hours and were indistinguishable from the controls as seen in our past studies. 6, 8, 12, 13 On days 1 and 2, the rats continued to show no apparent signs of distress.
Gross Organ Appearance at Necropsy
The surface of the lungs of the controls did not show any pathology. Triolein caused severe congestion with diffuse pleural hemorrhages and "cobblestone" appearance of the pleural surface. Aliskiren administration at both doses resulted in less organ congestion, few smaller pleural hemorrhages, and a smooth pleural surface.
Inflammation and Vascular Changes (H&E Staining)
Representative H&E-stained slides from the four different treatment groups are presented in Figure 1 . Rats of the control group demonstrated patent small caliber arteries and arterioles with few inflammatory cells throughout pulmonary parenchyma (Fig. 1A) . Histologic findings in the triolein-only-treated animals mirrored those of past studies. 6, 8 These rats' lungs presented with diffuse hemorrhages in the thickened septa, congestion, and diffuse inflammation with neutrophils, lymphocytes, macrophages, and erythrocytes ( Fig. 2A) . Scattered areas of atelectasis and emphysema were also seen. Bronchial changes included thickening of the bronchial musculature, epithelial hypertrophy and inflammation, variable areas of disepithelialization, and loss of cilia. The lumina of large bronchi were also filled with edematous fluid, erythrocytes, and inflammatory cells.
In the triolein-treated animals (Figs. 1C and D) , the small arteries and arterioles showed mild vasculitis with thickened media and reduced luminal patency. An improvement of the lumen patency was observed using both aliskiren doses with only the 50 mg/kg dose being statistically significant (p = 0.0058) compared to the triolein-only-treated rats. Periadventitial edema was also identified in these animals by qualitative assessment of the media-to-adventitia ratios, but the difference was not statistically significant (p = 0.4956).
The inter-rater reliability was very good with an intraclass correlation coefficient of 0.92 (95% confidence interval, 0.87-0.95), indicating the blinded reviewers had a high degree of agreement and outcomes were measured similarly across the reviewers. The high intraclass correlation suggests that a minimal amount of measurement error was introduced by the independent reviewers, and therefore statistical power for subsequent analyses is not substantially reduced.
Markers of Collagen and Myofibroblast Activation (Trichrome and α-SMA Staining)
Representative slides stained with trichrome, a marker for collagen, and α-SMA, a marker for myofibroblast activation, from the four different groups are also shown in Figure 1 . A marked presence of trichrome is evident in the lungs of the rats injected with triolein in the septa, media, and adventitia of small caliber arteries and arterioles, the peribronchial musculature, and in portions of the lungs close to the pleura (Fig. 1F) . α-SMA stain was more intense in the intraseptal and perivascular sections (Fig. 1J) . In the lungs of rats receiving both doses of aliskiren, the expression of trichrome (Figs. 1G, H) and α-SMA (Figs. 1K, L) was essentially the same as the controls. Quantification of both stains by Image J confirmed that aliskiren at both doses caused a statistically significant decrease in the fibrotic changes, to a level indistinguishable from the controls, when compared to the lungs of the triolein-only rats (p < 0.0001 for both trichrome and α-SMA) as shown in Figures 3 and 4 .
Fat Distribution in Lungs (Oil Red O Staining)
Representative Oil Red O-stained slides from the four treatment groups are also shown in Figure 1 . Controls had a negligible amount of fat (Fig. 1M) , whereas the lungs of the trioleintreated rats had a large amount of fat present as small droplets diffuse throughout the pulmonary interstitial space or as large droplets around the peribronchial veins (Fig. 1N) , confirming the findings of our previous studies conducted at the same time interval. 6, 8 Fat droplets present in the rats treated with aliskiren were comparatively small in size and mostly located around peribronchial veins, traversing the vascular musculature (Figs. 1O, P) . Few droplets were present throughout the alveolar septa. Rats treated with triolein showed a statistically significant increase in fat compared with the controls (p = 0.0006) when evaluated by Image J as seen in Figure 5 . Subsequent aliskiren administration at both doses reduced the presence of fat (low dose, p = 0.0095; high dose, p = 0.0028) to a level indistinguishable from the controls as seen in Figure 5 .
DISCUSSION
The current study extends the evidence for the central involvement of the RAS in the pathology of FE by showing that a direct renin inhibitor, aliskiren, reduced or prevented many of the histopathologic changes found in the lungs 48 hours post triolein administration. Some of these changes included (1) reduction in inflammation and fibrosis as evidenced by the decrease in inflammatory cells and in fibrotic marker expression (collagen and α-SMA) in the aliskiren-treated animals compared with the triolein only group and (2) decrease in and limited distribution of fat compared with triolein only.
These results parallel those from our earlier experiments using agents acting at different sites in the RAS. Both captopril, a converting enzyme inhibitor (ACE1), and losartan, an inhibitor of the angiotensin II type 1 receptor (AT1), greatly reduced the effects of FE found at 48 hours. 6 The previous results with losartan indicate that activation of AT1 receptors is critical for the histopathologic effects but does not indicate what biochemical pathway or location the angiotensin II originated. It also argues against a role of renin or prorenin acting on the prorenin receptor which has been reported to cause angiotensin-independent profibrotic effects. 14, 15 It does not rule out the catalytic effects of activated prorenin or renin bound to the prorenin receptor. 16 Because the effects have also been shown to be ameliorated by captopril, 6 the results indicate that ACE1 activity is important for the generation of angiotensin II. This seems to rule Figure 2 . Arterial lumen patency measurements of rat lungs subjected to different treatments. The only treatment groups that were significantly different from one another were the triolein and triolein + aliskiren 50 mg/kg groups (p = 0.0058). However, no groups were significantly different from the control group. Boxplot labels-full box: interquartile range, upper box: upper quartile (75th percentile), lower box: lower quartile (25th percentile), diamond: mean, horizontal line within box: median, upper whisker: extends to maximum observation (excluding outliers), lower whisker: extends to minimum observation (excluding outliers), circle: outlier.
out or diminish any important role for chymase or other enzymes capable of forming angiotensin II from angiotensin I. However, the activity of chymase in rat lung is very low. 17 The enzymatic step responsible for angiotensin I generation is presumably renin. Because aliskiren is a specific renin inhibitor, the present results help delineate an earlier biochemical step in the histopathologic changes found after FE. The source of this renin could be one or more of several cells that have been found to produce renin in the lung and other extrarenal tissues. These include mast cells in the lung that have been associated with pathologic changes, 18 myofibroblasts, 19 or macrophages. 20 Based on these reports and our studies, a suggested sequence of events after fat embolization would be fat entrapment in pulmonary capillaries, passage into the lungs, followed by phagocytosis by macrophages. Activated macrophages have been shown to release a mast cell stimulating factor that can act on mast cells outside the lung 21 and stimulated mast cells can also release renin locally. 18 The renin generates angiotensin I that ultimately leads to angiotensin II after local ACE1 activity. As mentioned above, activated macrophages 20 and myofibolasts 19 are other sources of local angiotensin generation in pathologic conditions. Angiotensin II can then initiate its well-known inflammatory and profibrotic actions which produce pathologic changes, resulting in minimal symptoms or in some cases ARDS. Resolution of these changes by interference in the RAS by aliskiren (and the other drugs that we have studied) is mediated by blockade of production or actions of angiotensin II. Furthermore, we have reported that there is an increase in angiotensin peptides found in the lungs of animals weeks after triolein administration. 12 The question arises why there was a decreased amount of fat found at 48 hours in rats treated with aliskiren. One possibility is an increase in lipolysis. Endothelial lipase has been shown to be important in the breakdown of triolein by the rat lung. 22 Angiotensin has been shown to upregulate endothelial lipase expression in several tissues in rat, including the lungs. 23 Thus, it is possible that some of the disappearance and redistribution of fat in the lungs could have been due to increased lipolysis during the 48 hours after injection.
Another possibility is increased clearance of fat by opening of constricted blood vessels by aliskiren. The protective effect of aliskiren on renal artery vasoconstriction has been shown in a model of ischemia reperfusion injury. 24 However, there is evidence that the RAS is not directly involved in pulmonary vasoconstriction after embolization with latex microspheres. 25 This does not rule out the possibility that aliskiren may mitigate the vasoconstrictive effects of FE on pulmonary vessels; biochemical pathways may be altered by FE compared with physical emboli, such as the release of the pulmonary toxicant oleic acid. 26 Studies by others in different species and different models of pulmonary injury have also implicated the RAS, [27] [28] [29] and thus it appears that activation of this system is a common early feature before the later stages where cytokines and other mediators can exert deleterious effects on cell structure and metabolism. 11 Because current treatment is quite limited to supportive measures and mortality figures for FES ranges up to 20%, 3 there is a need for more specific therapy. The clinical implications of our studies are threefold: (1) aliskiren or other drugs acting on the RAS could be useful for acute treatment of FES after trauma; (2) these agents could also be useful as prophylactic treatment before surgical procedures that are known to predispose to FES; (3) agents that stabilize mast cells, such as cromolyn, could also be of use to interfere with the sequence of events that follow the escape of fat into the circulation. To investigate these possibilities, future studies will be directed at examining the potential prior steps in activation of the RAS by testing the protective effects of stabilizing mast cells with cromolyn, depleting mast cells with compound 48/80, or depleting macrophages with established models. 30 We will also examine the expression of pulmonary renin after acute exposure to triolein just as we have done 6 weeks after triolein. 31 Aliskiren administered 1 hour after triolein produced essentially complete protection against several histopathologic markers, strengthening the suggestion that this drug, already approved by the FDA for treating hypertension, could be a good candidate for a clinical trial. In conclusion, because it has been suggested that FE without FES may have long-term consequences possibly leading to progression to pulmonary fibrosis or COPD, 12,13 the use of aliskiren and related agents could protect against the development of other pulmonary pathology at a time remote from the initial injury. 
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